Abstract Interactions between mitochondrial deoxyribonucleic acid (mtDNA) variants and the risk of developing breast cancer were investigated using DNA samples collected from non-Jewish European American breast cancer patients and ethnically age-matched female controls. Logistic regression was used to evaluate two-way interactions between 17 mtDNA variants. To control for multiple testing, empirical P values were calculated using permutation. Odds ratios (ORs) and corresponding 95% confidence intervals (CIs) were calculated to measure the contribution of variants in modifying the risk of developing breast cancer. A highly significant interaction was identified between variants 12308G and 10398G (empirical P value = 0.0028), with results suggesting these variants increase the risk of a woman developing breast cancer (OR = 3.03; 95% CI 1.53-6.11). Nominal significant P values were also observed for interactions between mtDNA variants 709A and 16189C; 4216C and 10398G; 4216C and 16189C; 10398G and 16159C; 13368A and 16189C; and 14766T and 16519C. However, after adjusting for multiple testing, the P values did not remain significant. Although it is important to elucidate the main effect of mtDNA variants on the risk of developing breast cancer, understanding gene 9 gene interactions will give a greater knowledge of disease etiology and aid in interpreting a woman's risk of developing breast cancer.
age-related disorders and complex diseases such as Parkinson's disease (Mortiboys et al. 2007; Onyango 2008 ), Alzheimer's disease (Carrieri et al. 2001) , and several cancers (Petros et al. 2005) . Due to its haploid nature and lack of recombination, it is possible to classify individuals through specific mtDNA variants that make up haplogroups. These haplogroups have been shown to possess both geographical-region-and ethnic-specific differences in prevalence. For example, Sub-Saharan Africans mainly carry the L haplogroup, whereas haplogroups H, I, J, and K are predominant in the European populations, with Ashkenazi Jews more frequently carrying the K haplogroup compared with non-Jewish Europeans (Torroni et al. 1996) . This study investigates the role of interaction between mtDNA variants on the risk of developing breast cancer.
Recent studies provide evidence that germline mtDNA variants T3197C, G13708A, G9055GA, T16519C, and A10398G and/or functional variants in linkage disequilibrium (LD) with these variants modify a woman's risk of developing breast cancer (Canter et al. 2005; Bai et al. 2007 ). In African American women, it was shown that 10398A increases the risk of developing breast cancer (Canter et al. 2005) , whereas in European American women, 10398G increases the risk of developing breast cancer (Bai et al. 2007) . Additionally, there is evidence that mtDNA variants T3197C, G13708A, G9055A, and T16519C modify breast cancer risk in European American women (Bai et al. 2007 ). Although it is important to understand the main effects of mtDNA variants on breast cancer risk, knowledge of how mtDNA variants interact gives greater insight into breast cancer etiology and aids in risk assessment. We investigated interactions between mtDNA variants in a case-control study of non-Jewish European American women. Seven significant mtDNA interactions were detected, with one interaction (12308G:10398G; empirical P value = 0.0028) remaining significant after adjusting for multiple testing.
Materials and methods
Sixty-nine mtDNA variants were genotyped in DNA samples from 156 non-Jewish European American breast cancer patients and 260 ethnically age matched female controls. Of these 69 mtDNA variants, 19 were polymorphic and had minor allele frequencies of C0.05. Two of these variants, A4917G and A15607G, were correlated (r 2 [ 0.8) with mtDNA variant G13368A and were not included in the logistic regression analysis. The following 17 mtDNA variants were evaluated for all possible twoway interactions: G709A, G1719A, T3197C, T4216C, G5460A, C7028T, G8251A, G9055A, A10398G, A12308G, G13368A, G13708A, C14766T, A15924G, C16069T, T16189C, and T16519C. Additional details on subject ascertainment, mtDNA genotyping, and initial analysis can be found in Bai et al. (2007) . Two-way interactions were evaluated using logistic regression by modeling the main effects of two mtDNA variants and the corresponding interaction term log hðxÞ 1 À hðxÞ
where hðxÞ ¼ PðCasejxÞ:
A total of 136 logistic regression models were evaluated. The common allele within this European American sample was used as the reference allele. Significance was evaluated for the interaction term (H 0 : b 3 = 0; the interaction had no effect, versus H 1 : b 3 6 ¼ 0; the interaction had an effect) using the Wald test, as well as for the complete model (H 0 :
the mtDNA variants and their interaction had no effect, versus H 1 : b i 6 ¼ 0 for an i = 1, 2, 3; one or more of the mtDNA variants and/or their interaction had an effect) using the likelihood ratio test. Due to the large number of tests carried out, the family-wise error rate (FWER) was controlled by calculating empirical P values using 10,000 permutations. Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated for the mtDNA variant main effects and pair-wise interactions. Table 1 summarizes the allelic frequencies for the 17 mtDNA variants found in the DNA samples from cases and controls. Logistic regression analyses revealed seven nominally significant interactions among the variants: 709A and 16189C; 4216C and 10398G; 4216C and 16189C; 12308G and 10398G; 10398G and 16519C; 13368A and 16189C; and 14766T and 16519C (Table 2) . After controlling the FWER, the only interaction term that remained statistically significant was between 10398G and 12308G (permuted P value 0.0028). Individual analyses of these two variants using logistic regression analysis (Table 3 ) revealed A10398G had a statistically significant main effect (logistic regression P = 0.011) and increased a woman's risk of developing breast cancer (OR = e 0.588 = 1.8; 95% CI 1.14-2.81) ( Table 3 ). The main effect of variant A12308G was not significant (logistic regression P = 0.84) ( Table 3) . Using the complete model with an interaction term (Eq. 1), the logistic regression results suggest women who have both the 10398G and 12308G variants had an increased risk of developing breast cancer (OR = e -0.771-0.006+1.887 = 3.03; 95% CI 1.53-6.11) ( 95% CI 0.24-0.88) (Table 4) . Additionally, in the presence of variant 12308A, variant 10398G had no effect on breast cancer risk (OR = e -0.006 = 0.99, P = 0.98; 95% CI 0.56-1.77) ( Table 4) .
Results
Variants 10398A and 12308A define the T haplogroup along with variants 4216C, 7028T, 13368A, and 15607G. Variants 10398A and 12308G define the U haplogroup along with the variant 9055G. Although belonging to the T haplogroup does not influence a woman's risk of developing breast cancer, membership in the U haplogroup has been shown to greatly reduce a woman's risk of developing breast cancer [OR = 0.38; P value = 0.03 (adjusted for multiple testing)] (Bai et al. 2007) . In this analysis, it can be seen that regardless of G9055A status, a woman carrying the mtDNA variants 12308G and 10398A has a reduced risk of developing breast cancer (OR = e -0.771 = 0.46; 95% CI 0.24-0.88) ( Table 4) .
Discussion
The 10398A variant has previously been implicated in increasing the risk of developing both breast and prostate cancer in African Americans (Canter et al. 2005; Mims et al. 2006 ) and breast and esophageal cancer in Indians (Darvishi et al. 2007) , whereas the 10398G variant increases the risk of developing breast cancer in European American women (Bai et al. 2007) . Two independent studies could not replicate the findings that the 10398A variant increases the risk of developing breast cancer in African American women (Setiawan et al. 2008) or that the 10398G variant increases the risk of developing breast cancer in women from Spain and the Canary Islands (Mosquera-Miguel et al. 2008) . One of the interactions, 4216C and 10398G, observed in this study although not statistically significant after controlling the FWER (Table 2) , was previously reported in the Canter et al. (2005) case-control study of African American breast cancer patients (Verma et al. 2007 ). In the Canter study, a significant main effect was observed for 10398A, which increased a woman's risk of developing breast cancer (OR = 1.6), whereas no statistically significant main effect was observed for T4216C and a synergistic interaction was observed between 4216C and 10398A, where the presence of both variants increased a woman's risk of developing breast cancer (OR = 3.1) (Verma et al. 2007 ). In this case-control study of European Americans, when each variant was analyzed independently, an increased risk was observed for 10398G (OR = e 0.588 = 1.8; P = 0.01) (Table 3) , and there was also no statistically significant main effect observed for T4216C variant (P = 0.39) (data not shown). This study observed a nominally significant interaction between 4216C and 10398G (P = 0.008), which did not remain significant after controlling the FWER (P = 0.11) ( Table 2) . Although women having the 4216T and 10398G variants had an increase in developing breast cancer (OR = e 1.106 = 3.02; 95% CI 1.72-5.32), women with the 4216C and 10398G variants had a decreased risk of developing breast cancer (OR = e 0.191+1.106-1.492 = 0.82; 
3) obtained from analysis of deviance 95% CI 0.39-1.67) ( Table 5) . For variant A10398G, the Canter study (2005) used 10398G as the reference group, because it is the common allele in African Americans. In European Americans, 10398A is the common allele and was used as the reference group in this study. When the same reference group (10398G) was used as in the Canter study in the logistic regression model, women who had the 4216C and 10398A variants had a decreased risk of developing breast cancer (OR = e -1.11-1.30+1.492 = 0.40; 95% CI 0.17-0.93) (data not shown). The differences in direction of the effect between the Canter and this study suggest the functional variants that increase a woman's risk of developing breast cancer are on different haplotypes in African American and European American women.
This study presents strong evidence that genes within the mitochondria interact to increase the risk of breast cancer. It is demonstrated that mtDNA variants A12308G and A10398G located within the MT-TL2 and MT-ND3 genes, respectively, interact, affecting a woman's risk of developing breast cancer. In particular, mtDNA variants 10398G and 12308G interact synergistically, increasing a woman's risk of developing breast cancer. 
